Previously, hepatic ischemia followed by reperfusion (hepatic I/R) has been found to cause cognitive impairment. Hydrogen sulfide (H 2 S) attenuates hepatectomy induced cognitive deficits and also protects against cognitive dysfunction induced by neurodegenerative diseases. In this study, we aim to determine whether sodium hydrosulfide (NaHS), a H 2 S donor, could alleviate hepatic I/R-induced cognitive impairment and the underlying mechanisms. Rats were injected intraperitoneally with NaHS (5 mg/kg/d) for 11 days. A segmental hepatic I/R model was established on the fourth day. Cognitive function, proinflammatory cytokines levels, and hippocampal ionized calcium-binding adaptor molecule 1 (Iba1) expression was analyzed. We found hepatic I/R increased proinflammatory cytokines levels in serum and hippocampus, up-regulated Iba1 expression, leading to cognitive impairment in rats. However, treatment with NaHS alleviated hepatic I/R induced these neuroinflammatory changes and effectively improved cognitive function. Thus, NaHS appears to protect against cognitive impairment in rats undergoing hepatic I/R by attenuating neuroinflammation in the hippocampus.
Introduction
Hepatic vascular clamping and release is a surgical procedure that is frequently performed during hepatic resection and liver transplantation. During this process, microcirculation dysfunction, different cells and mediators, as well as complex signaling mechanisms induce hepatic ischemia and reperfusion (hepatic I/R) damage. 1 Meanwhile, hepatic I/R may evoke systemic inflammatory response that leads to damages to remote organs. 2, 3 A systemic inflammatory response can also lead to entry of peripheral proinflammatory cytokines into the brain to affect neurocognitive function. [4] [5] [6] In combination with microglia activation (also referred to as, neuroinflammation), cognitive deficits may develop. 7, 8 Hydrogen sulfide (H 2 S) was known as gaseous signaling molecule that was generated in mammalian cells. 9 In a recent study, it was demonstrated that H 2 S mediates multiple functions under various physiological and pathological conditions. 10 In addition, several studies have revealed that H 2 S can modulate inflammatory processes; [11] [12] [13] it can reduce lipopolysaccharide-induced overexpression of proinflammatory cytokines by inhibiting NFkB pathways and finally attenuates cognitive impairment. 14 Furthermore, in the brain, H 2 S has been shown to suppress hippocampal neuroinflammation and to alleviate memory deficits. 15 The ability of H 2 S to enhance N-methyl-D-aspartate (NMDA) receptors activity and potentiate long-term potentiation (LTP) induction also suggests that H 2 S contributes to the process of learning and memory. 16, 17 Previous experiment has demonstrated that H 2 S could alleviate hepatic I/R injury. 18 Recent study showed that H 2 S attenuates hippocampal neuronal damages in rats subjected to brain ischemia. 19 However, the neuroprotective role of H 2 S after hepatic I/R remains unknown. Therefore, we designed this experiment to determine whether H 2 S could attenuate hepatic I/R-induced cognitive impairment and the potential role of neuroinflammation.
Experimental design and hepatic I/R model
In the first experiment, ninety-six rats were assigned to four groups (n ¼ 24): vehicle-treated group (NS group), sodium hydrosulfide group (NaHS group), hepatic I/R group (HIR group), and hepatic I/R þ sodium hydrosulfide group (HIR þ NaHS group). Rats in the NaHS group and the HIR þ NaHS group were intraperitoneally injected with NaHS (5 mg/kg, Sigma, USA). The NaHS dosage was determined from our pilot study and previous report. 14 The rats in the NS and the HIR group received normal saline. Both sets of injections were administered once a day for 11 days. Rats in the HIR and the HIR þ NaHS group underwent 70% hepatic I/R according to a previously described protocol on the fourth day; 20 the rats were subjected to midline laparotomy after they were anesthetized with pentobarbital (50 mg/kg, intraperitoneally, i.p.), and then a microaneurysm clamp was used to occlude the portal vein and hepatic artery to induce ischemia of the hepatic left lateral and median lobes, then liver was reperfused by removing the clamp after 60 min. Rats in the NS and the NaHS group underwent the same laparotomy procedure but not clamped the vessels. Bupivacaine (0.25%) was applied to each incision and the abdomen was closed by sterile suture. After recovery from anesthesia, the rats were individually housed and then were sacrificed on the first, third, fifth, and seventh day after the operation (n ¼ 6, per day/ group). A behavior test was performed prior to sacrifice. Blood samples and hippocampus and liver tissues were collected for biochemical assay, measurement of proinflammatory cytokines, and histopathologic examination.
In the second experiment, forty-eight rats were assigned to four groups (NS, NaHS, HIR, and HIR þ NaHS, n ¼ 12). The treatment of NaHS or saline, as well as application of the hepatic I/R model, was performed as described in the first experiment. The rats were killed on the first and third day after the operation (n ¼ 6, per day/group) for ionized calcium-binding adaptor molecule 1 (Iba1) analysis.
Biochemical analysis
Serum AST and ALT levels were measured by using an autoanalyzer (Hitachi, Tokyo, Japan).
Histopathologic examination
After fixed with formalin and embedded in paraffin, liver samples were cut into 5 mm thick sections and then stained with hematoxylin-eosin. Liver pathological injury was assessed by using a light microscope.
MWM test
MWM tests were used to evaluate the cognitive abilities. 21 The maze included an open circular pool with a diameter of 120 cm and a height of 50 cm that was filled up to 25 cm with cylinder water at a temperature of [21] [22] [23] C. An opaque appearance to the water was achieved with the addition of white nontoxic paint. Several distal cues were added around the pool. The tank was divided into four equal quadrants; in the center of one quadrant, a circular platform (10 cm in diameter) was located 2 cm below the water. The swimming behaviors of animals were analyzed by a computer tracking system. The animals received a five-day consecutive training trials (four trials per day). In each trial, facing the tank wall, the rats were put into the water from one of the four start points and allowed to navigate until they touched the platform. The time needed to reach the platform was limited to 90 s. Animals would have 20 s to have a rest after arriving at the platform. If a rat could not find the platform within 90 s, it would be directed to the platform where it could rest for 20 s. Swim distance, swim speed, and escape latency were measured. A probe trial was performed on the first, third, fifth, and seventh day after operation, and the percentage of time spent in the target quadrant, the number of crossings over the platform, and swim speed were recorded.
Measurement of serum TNF-a, IL-1b, and IL-6
Serum TNF-a, IL-1b, and IL-6 levels were determined by using ELISA kits (Nanjing Jiancheng Corp., China) according to the manufacturer's instructions.
Western blot analysis
Hippocampus was homogenized in M-PER lysis buffer (Pierce) containing a freshly added protease inhibitor cocktail (Roche). The homogenates were centrifuged (12,000 rpm, 15 min, 4 C) and the supernatant was collected. A total of 80 mg of total proteins was obtained from the supernatant for each per lane and were resolved with 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein was transferred to polyvinylidene difluoride membranes (Millipore). These membranes were blocked with 5% (W/V) skim milk for 2 h and incubated with rabbit anti-TNF-a (1:1000; Abcam), IL-1b (1:700; Abcam), IL-6 (1:500; Abcam), or b-actin (1:1000; Abcam) overnight at 4 C. Blots were washed for 3 Â 5 min in Tris buffered saline with 0.5% Tween (TBST) and incubated with goat anti-rabbit peroxidase-conjugated secondary antibody (1:100,000) (Jackson, ImmunoResearch) for 1 h. Bound antibodies were visualized with Immobilon substrate (ECL; Millipore) and band density was analyzed with Kodak Digital Science and ID Image Analysis Software (Kodak, Rochester, NY).
Immunofluorescence
In the second experiment, the brains were immediately resected and fixed in 4% paraformaldehyde at 4 C and paraffin embedded. Coronal sections (4 mm) were exposed to a goat anti-Iba1 polyclonal antibody (1:500, Abcam) overnight at 4 C. After the sections were incubated with PBS, they were exposed to a fluorescein isothiocyanateconjugated anti-goat secondary antibody (1:400; Santa Cruz Biotechnology) at room temperature (RT). After 1 h, the sections were incubated with PBS and were counterstained with 4 0 ,6-diamidino-2-phenylindole (DAPI) (Sigma, USA). Positively stained cells were observed with an Olympus optical microscope (BX51; Olympus, Japan) and the mean number was recorded for each section.
Statistical analysis
All data were expressed as mean AE SEM, and the data were analyzed by using one-way ANOVA followed by least significant difference multiple comparison test between groups. Swim distance, swim speed, and escape latency of the MWM training phase were analyzed by using repeated measures ANOVA followed by post hoc Bonferroni multiple comparison test between groups. P < 0.05 was considered significant.
Results

NaHS attenuated hepatic I/R injury
Liver injury was surveyed by using biochemical analysis and histopathologic examination. Rats undergoing hepatic I/R exhibited significant higher ALT and AST levels when compared to the rats in the NS and the NaHS group on the first and third day after the operation (Figure 1(a) and (b) ). Contrastingly, treatment with NaHS significantly reduced ALT and AST levels (Figure 1(a) and (b) ). On the other hand, the HIR group showed marked deformation of the hepatic lobule, hepatocyte necrosis, and inflammatory cell infiltration on the first and third day after the operation, but NaHS treatment significantly attenuated these pathological injuries (Figure 1(c) ).
NaHS ameliorated cognitive impairment after hepatic I/R
During the water maze training, all animals learned the spatial task and exhibited progressively reduced escape latency and swimming distance over time (Figure 2(a)  and (b) ), but swimming speed remained constant (Figure 2(c) ). No significant differences in these swim data among groups were found during the five training days. In the probe trail, animals in the HIR group showed a marked decrease in percentage of time spent in the target quadrant and the number of crossings over the platform (Figure 3 (a) and (b)), which indicates that cognitive function was impaired after hepatic I/R. However, NaHS treatment significantly alleviated such cognitive impairment (Figure 3(a) and (b) ). The findings suggested that NaHS markedly ameliorated cognitive deficits after hepatic I/R.
NaHS decreased the production of serum proinflammatory cytokines
Compared with the NS group and the NaHS group, the HIR group displayed significantly elevated TNF-a, IL-1b, and IL-6 on the first day after operation (Figure 4 (a) to (c)) and increased IL-1b and IL-6 on the third and fifth day after operation (Figure 4 (b) and (c)). In contrast, treatment with NaHS significantly decreased serum TNF-a, IL-1b, and IL-6 levels at the same time point (Figure 4 (a) to (c)).
NaHS lowered hippocampal proinflammatory cytokines expression
Compared with the NS group and the NaHS group, the HIR group exhibited higher hippocampal TNF-a, IL-1b, and IL-6 expression ( Figure 5(a) to (d) ). However, after treatment with NaHS, the HIR þ NaHS group displayed significantly reduced protein levels of proinflammatory cytokines in hippocampus when compared with the HIR group ( Figure 5(a) to (d) ).
NaHS decreased the expression of Iba1 in the hippocampus
The HIR group exhibited increased hippocampal Iba1 expression when compared with the NS and the NaHS group (Figure 6(a) and (b) ). But the expression of Iba1 was markedly decreased after administration of NaHS. These data indicated NaHS effectively ameliorated the activation of microglia.
Discussion
In this study, we found that hepatic I/R induced the highlevel expression of proinflammatory cytokine and the activation of microglia in the hippocampus, thereby leading to impaired cognitive function in rats. Treatment with NaHS (a H 2 S donor) effectively alleviated these neuroinflammatory changes and cognitive impairment. The present work demonstrates that neuroinflammation is involved in cognitive deficits after hepatic I/R, and NaHS may represent an effective agent for the treatment of this cognitive dysfunction. Liver diseases may induce some alterations of the brain functions, and patients with liver diseases frequently present different degrees of cognitive deficits. 22 To date, the exact mechanisms responsible for such cognitive impairment have not been sufficiently clarified. Previous studies have indicated that neuroinflammation and hyperammonemia contribute to these cognitive deficits. 23, 24 Herein, we used 70% hepatic I/R model, which is implicated in clinical scenario, including liver surgery, and which is different from cirrhosis and liver failure, to explore the mechanisms of the relations between hepatic I/R and cognitive impairment. We found that hepatic I/R evokes a peripheral inflammatory response, demonstrated by the increase of serum proinflammatory cytokines. Peripheral proinflammatory cytokines could enter the brain and induce the activation of microglia; 25, 26 activated microglia might further release the same proinflammatory cytokines. Furthermore, proinflammatory cytokines could suppress LTP and induce cognitive dysfunction. 6, 27, 28 In this study, the cognitive dysfunction induced by hepatic I/R was associated with neuroinflammation. Based on these results and those of a Tu et al. H 2 S protects against cognitive impairment induced by hepatic I/R via attenuating neuroinflammation 641 previous study, 24 neuroinflammation is involved in the mechanisms of cognitive impairment not only in liver diseases, such as cirrhosis and liver failure, but also in liver surgery, including hepatic resection.
H 2 S has been reported to exhibit protective effects against inflammation caused by lipopolysaccharide in various microglia. 13 Another study revealed that H 2 S releasing compounds attenuated activated glia-induced neuroinflammation, 29 but the specific mechanisms remain to be determined. Possible mechanisms included activated K ATP channels, increased cAMP and glutathione levels. 16, 29 In the present study, it was found that hepatic I/R induces marked neuroinflammation, which was ameliorated after NaHS treatment. This is in line with previous report suggesting that NaHS could attenuate neuroinflammation in the hippocampus. 15 On the other hand, our data suggested that hepatic I/R could induce cognitive decline in rats and treatment with NaHS efficiently ameliorated such cognitive deficits. In sum, these results suggest NaHS alleviates hepatic I/R-induced cognitive impairment via inhibiting neuroinflammation, and NaHS has a significant anti-inflammatory effect in the central nervous system. This experiment indicated that hepatic I/R caused the injury of liver itself, which could be attenuated with the treatment of NaHS. Previous studies demonstrated that NaHS attenuated hepatic I/R injury through inhibiting inflammatory response. 18 In this study, the HIR þ NaHS group exhibited a marked decrease in serum proinflammatory cytokines levels, speculating that peripheral proinflammatory cytokines entering into the brain was also reduced. Accordingly, it produced lower levels of inflammatory responses in the hippocampus. In addition, another study has demonstrated that NaHS could attenuate neuroinflammation and neuronal injury in brain. 15 Taken together, we speculated that NaHS protected against hepatic I/Rinduced cognitive deficits that are associated with reduced peripheral proinflammatory cytokines entering the brain and decreased local brain inflammation response and neuronal damages.
The increases of proinflammatory cytokines and Iba1 expression in the hippocampus did not last for seven days, but the impairment of cognitive function lasted for seven days, which suggests that neuroinflammation induced by hepatic I/R may not directly lead to the late cognitive deficits, and other mechanisms may participate in the late cognitive impairment. For example, it has been suggested that activated microglia could release reactive oxygen species and cause memory dysfunction. 30 Additionally, apoptosis-induced hippocampal neuronal loss may induce cognitive decline. 31 The roles of other factors, such as neurotoxic mediators and apoptosis, associated with the late impairment of cognitive function after hepatic I/R are required to clarify in further study.
In conclusion, we found that NaHS alleviates hepatic I/ R-induced cognitive impairment in rats by attenuating neuroinflammation, which suggests that NaHS may be an alternative and valuable treatment for cognitive dysfunction after liver surgery.
